The house fly, Musca domestica L., is a global pest of public health and agricultural importance. The efficacy of conventional management has been waning due to increasing insecticide resistance. A potential management tool is the entomopathogenic fungus, Beauveria bassiana Vuillemin (Hypocreales: Cordycipitaceae) (strain L90), although time-to-death is slower than desired by potential users. This research investigated the effectiveness of three gram-negative bacteria (Pseudomonas protegens Ramette (Psuedomonadales: Pseudomonadaceae) pf-5, Photorhabdus temperata Fischer-Le Saux (Enterobacteriales: Enterobacteriaceae) NC19, and Serratia marcescens Bizio (Enterobacteriales: Enterobacteriaceae) DB11) on house fly mortality when topically applied, compared to B. bassiana. Each pathogen's virulence was measured by injection into adult female house flies or by topical applications to their thorax. All bacterial strains were highly virulent after injection with 1 × 10 4 colony forming units (cfu), causing fly mortality within 24 h. Beauveria bassiana resulted in high mortality, 3 d postinjection at the high dose of 1 × 10 4 conidia/µl. Mortality due to topical treatments of P. temperata and S. marcescens was low even at the highest dose of 1 × 10 6 cfu/µl. Mortality after topical treatments with P. protegens was evident 4 d after application of 1 × 10 6 cfu/µl. Mortality from B. bassiana was low at 4 d but increased at 5 d. These results imply that P. protegens holds great potential as a biological control agent for incorporation into an integrated pest management program against adult house flies.
B. bassiana, the average time-to-death for house flies is approximately 6 d, with mortality rates affected somewhat by isolate and delivery method (Geden et al. 1995 , Lecuona et al. 2005 , Mwamburi et al. 2010 . Because female house flies oviposit 4 to 5 d post-emergence, B. bassiana does not break their life cycle. However, sublethal effects of fungal infection likely limit her potential reproductive capacity (Acharya et al. 2015) .
Photorhabdus temperata Fischer-Le Saux et al. (Enterobacteriales: Enterobacteriaceae) is a gram-negative, bioluminescent, motile, entomopathogenic bacterium belonging to the family Enterobacteriaceae (Wollenberg et al. 2016) . This bacterium has a symbiotic relationship with heterorhabditid entomopathogenic nematodes (EPNs). The nematode actively seeks out insect hosts while the bacterium resides in the gut of the nematode protected from environmental harm (Hurst et al. 2015) . Once the EPN releases the bacterium into the hemocoel of the insect host, bacterial virulence factors such as proteases, chitinases, and toxins act quickly to cause host death (Duchaud et al. 2003) . Together, the nematodes and their symbiotic bacteria are pathogenic to a wide range of insects (Duchaud et al. 2003) .
The use of Serratia marcescens Bizio (Enterobacteriales: Enterobacteriaceae) is a potential alternative to chemical insecticides in some instances (Pineda-Castellanos et al. 2015) . Serratia marcescens is well known for its mobility and capacity to secrete a multitude of virulence factors, such as proteases and chitinases, making it a promising pathogen for biological control of targeted insects (Grimont et al. 1979) . This bacterium has been reported to suppress insect host immunity by manipulating immunosurveillance cells (Ishii et al. 2014 , Stout 2015 . A recent study described the protease serralysin as one of the causes of high fatality in larvae of Phyllophaga blanchardi (Arrow) (Coleoptera: Melolonthidae) when orally inoculated with S. marcescens (Pineda-Castellanos et al. 2015) .
Pseudomonas spp. are gram-negative bacteria in the family Pseudomonadaceae with more than 100 distinguished species (Palleroni 2003) . One member of the genus, Pseudomonas protegens Ramette et al. (Psuedomonadales: Pseudomonadaceae) , is capable of producing a range of plant defending products such as antibiotic metabolites, chitinases, exoproteases, and an insect toxin, FitD, that contributes to the deterrence of insect and fungal plant invaders (Cronin et al. 1997 , Ellis et al. 2000 . One study determined that the components contributing to oral toxicity of P. protegens in Drosophila melanogaster Macquart (Diptera: Drosophilidae) were a macrolide, rhizoxin, and a secreted chitinase .
Given that bacterial biological agents have received little attention for house fly control, the goal of this study was to examine the effects of three gram-negative bacterial species and strains (Photorhabdus temperata NC19, Pseudomonas protegens pf-5, and Serratia marcescens DB11) on adult house fly mortality as alternative biological control agents with decreased time-to-death. The objectives of this study were to 1) compare the effects of injecting the selected bacterial pathogens and B. bassiana into the hemocoel of adult house flies; 2) identify a suitable carrier for topical applications that would keep all the pathogens in a viable state; and, 3) determine the effects of all four pathogens when applied topically to adult house flies.
Methods

House Fly Rearing and Handling
The M. domestica Orlando Normal strain that has been reared at the Center for Medical, Agricultural and Veterinary Entomology, United States Department of Agriculture, Agricultural Research Service (Gainesville, FL) since 1958 was utilized for this study. Flies were maintained at 28°C in wire mesh cages (37.5 × 37.5 × 37.5 cm), and fed a diet consisting of dried milk, granulated sugar, and powdered egg yolk 8:8:1 mixture by volume.
House flies (2-4 d old) were removed from rearing cages using a vacuum aspirator and placed at −20°C for 10 min to lightly sedate them for injection and topical treatments. Each replicate consisted of 20 female flies. After treatment, each experimental cohort of flies was placed into a screen-covered 500 ml plastic container (Instawares, Kennesaw, GA) containing 50 mg of diet and a 30 ml plastic container with water and a lid with a dental wick (to prevent flies from drowning), and held at 29°C.
Entomopathogens
All fungal and bacterial strains used in this study are classified as biosafety level one (BSL1), and therefore, they are well-characterized agents that do not cause disease in healthy humans.
Beauveria bassiana strain L90, was isolated from house flies collected in upstate New York, and is known to be virulent to house flies (Geden et al. 1995) . Beauveria bassiana conidia were preserved in 10% glycerol at −80°C at the University of Florida Institute of Food and Agricultural Sciences (UF/IFAS) Entomology and Nematology Department (Gainesville, FL) prior to culturing.
Serratia marcescens strain Db11 is a streptomycin-resistant mutant of strain Db10 (Caenorhabditis Genetics Center, University of Minnesota) isolated from a dying D. melanogaster (Iguchi et al. 2014) . Photorhabdus temperata strain NC19 was provided by Byron Adams, Brigham Young University (Provo, UT), has been genetically sequenced, and is predicted to contain many encoded insecticidal toxins (Duchaud et al. 2003) . Pseudomonas protegens strain Pf-5 (purchased from American Type Culture Collection, Manassas, VA) was formally classified as P. fluorescens Pf-5 but was reclassified as P. protegens. Escherichia coli strain DH5α was purchased from Invitrogen (Carlsbad, CA).
Bacterial and Fungal Cultivation
For routine cultivation, all bacteria were maintained on Luria Bertani (LB broth, Fisher BioReagents, Pittsburgh, PA) agar plates. After inoculation, plates were incubated at 28°C, overnight and then placed at 4°C until use.
Prior to use in experiments, bacteria were propagated, plates were removed from 4°C, and the respective bacterial colony forming units (cfu) were picked with a sterile loop and placed into a 10-ml conical tube containing 3 ml of LB broth to start an 'overnight culture'. The overnight culture then was placed in a controlled environment shaker (New Brunswick Scientific, Edison, NJ) at 250 rpm and 28°C, for 15 h, overnight. The culture was transferred into a 50 ml glass flask in a 1:20 dilution with LB broth and grown to an optical density of 0.5 measured using a spectrophotometer (Biochrom LKB Ultrospec II; Cambridge, United Kingdom) at an absorbance of 600 nm (OD 600 ).
To quantify the bacterial concentrations in broth, 10-fold dilutions of a culture grown to an OD of 0.5, 100 µl of each dilution was plated and incubated at 26°C for 24 h. From these plates, bacterial enumeration was determined by selecting a plate that had between 30 and 300 visible cfu and recording the dilution concentration of that plate. Pseudomonas protegens at 0.5 OD 600 measured 1.5 × 10 8 cfu/ml, S. marcescens at 3.0 × 10 8 cfu/ml, P. temperata at 2.1 × 10 8 cfu/ml. Escherichia coli grows rapidly and was measured at 0.2 OD 600 at 1 × 10 8 cfu/ml. For routine cultivation, B. bassiana was grown on Sabouraud's dextrose agar with yeast extract (SDY; 2% glucose, 1% peptone, 0.5% yeast extract; pH 7.0) at room temperature (23°C) for 7 d to obtain heavily sporulating cultures. After 1 wk, the plates were opened slightly and dried in a sterile laminar flow cabinet for an additional week. After drying, conidia were scraped from each plate with a sterile small metal spatula and stored at 4°C in a sterile glass vial.
Prior to use in experiments, vials were removed from 4°C storage and conidial concentration was determined as follows: 1) an aliquot (10 mg) of dried harvested conidia was suspended into 0.1% Tween 20 (Sigma-Aldrich, Saint Louis, MO) and distilled water and then, 2) 10 µl aliquots of this suspension were collected and conidia were counted using an automatic cell counter (Cellometer Vision HSL; Nexcelom Bioscience LLC, Lawrence, MA) to determine the conidial concentration per ml.
Injections
Bacterial cells were cultured until OD 600 = 0.5, and appropriate dilutions were made to acquire the following concentrations: 1 × 10 7 , 1 × 10 6 , 1 × 10 5 , and 1 × 10 4 cfu/ml. Each dilution was centrifuged for 1 min at 13,200 rpm to produce a pellet, which was resuspended in 1× phosphate buffered saline (PBS). For fungal preparation, dried B. bassiana conidia (10 mg) were weighed and placed in a sterile 1.5 ml tube. Conidia were resuspended in 1 ml of 0.1% Tween 20 (in sterile H20) and conidial counts were completed.
After removing sedated flies from the freezer, they were placed on a small laboratory chill table (BioQuip Products, Inc. Rancho Dominguez, CA) for continuous sedation. Each of the 20 female flies per replicate was injected using a microinjector (Nanomite, Harvard Apparatus, Holliston, MA) with a 1 cc syringe and a 28-gauge needle. The microinjector was set to release 1 µl into each fly. The injection site was the thoracic mesopleuron adjacent to the wing base (Lietze et al. 2012) .
We injected 20 female flies per pathogen and concentration, and the experiment was replicated on three separate occasions using different batches of pathogens and flies (total, 60 flies per treatment). Fly mortality was monitored for 4 d for the bacterial species. Flies exposed to Beauveria bassiana treatments were observed for an additional 24 h compared to other pathogens due to its delayed timeto-death when applied topically. In each replicate there were two controls. The first control was 20 female flies injected with 1 µl 1× PBS, and the second was 20 female flies injected with 1 µl Escherichia coli strain DH5α in the following doses: 1 × 10 4 , 1 × 10 3 , 1 × 10 2 , and 1 × 10 1 cfu diluted in 1× PBS. This strain of E. coli is known to be avirulent for house flies at these dosages (unpublished data) and was included as a control for injection with bacteria.
Surfactants
Kinetic (Aquatrols, Paulsboro, NJ) is a nonionic, synthetic surfactant used as a spreader sticker for pesticides and fungicides onto plants. CapSil (Aquatrols, Paulsboro, NJ) is another nonionic surfactant that is an organo-silicone used as a spreader sticker. DyneAmic (Helena, Collierville, TN) is a surfactant containing mostly fatty acids that is used to enhance the spread of insecticides on waxy plant surfaces. Induce (Helena, Collierville, TN) is a nonionic blend containing high amounts of fatty acids; it aids in the adherence of insecticide onto plants and is known for its resistance to wash-off.
Various dilutions of each surfactant were made in distilled water and mixed thoroughly. Three concentrations were tested for each: minimum, medium, and maximum, based on the range of recommended dilution rates listed by the manufacturer. Each surfactant was diluted in sterile distilled water according to the label instructions to prepare 10 ml of solution. For CapSil and Kinetic, the minimum, medium, and maximum concentrations were 0.01, 0.10, and 1.00%, respectively. For DyneAmic the concentrations were 0.04, 0.40, and 4.00%, and for Induce they were 0.03, 0.30, and 3.00%. Tween 80 also was included as a control and tested at 0.01, 0.10, and 1.00%. Results of the assays prompted us to conduct a second test evaluating a concentration between 0.1 and 1.0% for Capsil and Kinetic. In this test, these surfactants were diluted to concentrations of 0.50%, with Tween at 0.01% included as a control for fly mortality, as there was no mortality at this concentration in the previous assays.
Application of Surfactants to House Flies
Utilizing a P-2 pipette (Gilson PIPETMAN, Atlanta, GA), a 1 µl drop was topically applied to the anterior thorax of each female fly of an experimental group with each concentration of the surfactant. All topical treatments were replicated on four separate occasions using five flies per treatment per replicate (20 flies per treatment). Two measurements were recorded; the fly cuticle coverage or spreadability onto the house fly thorax for each surfactant and fly mortality. Spreadability was determined subjectively by making direct observations of the dispersion of the applied droplet immediately after application. A scale of 1 to 3 was used, where a score of 1 indicated poor spreading (i.e., product bubbled or beaded off), a score of 2 indicated a medium spread, in that the product spread out but some bubbling and beading occurred, and a score of 3 indicated a rapid and even dispersion over the thorax. Once flies were treated and the surfactant had spread, they were placed in a 500 ml plastic container with food and water as described previously. Fly mortality was observed at 1 h after topical application and then every 24 h for 3 d.
Viability Bioassay for Pathogens
Based on the results from the fly spreadability/mortality bioassay, three surfactant solutions were chosen for viability testing with bacteria and fungi, CapSil 0.1%, CapSil 0.5% and Kinetic 0.5%. Bacterial strains were grown overnight and 1 ml of stationary phase culture containing 1 × 10 8 cfu/ml was moved the next day to a sterile microcentrifuge tube. The tube was centrifuged for 1 min at 13,200 rpm to form a pellet, the supernatant was removed, and the pellet was resuspended in the respective surfactant. Once each bacterial strain was suspended in the surfactants mentioned above, the high concentration (1 × 10 8 cfu/ml) was diluted in its respective surfactant to 1 × 10 4 , 1 × 10 3 , and 1 × 10 2 cfu/ml, inoculated onto an LB plate in 10 µl spots, and held at 25°C (time point 0). The dilutions were re-plated after 24 h (time point 1). As a control, bacterial strains were suspended in 1× PBS and cultured using the same plating timeline as the cultures that were held in the surfactants. Each plate was observed for bacterial viability to determine survival in the surfactants. On each plate, the number of cfu's were counted and recorded from spots that produced 3 to 30 cfu's and from this number the antibacterial action of the surfactants was determined.
For tests with B. bassiana, 1 mg of dried conidia was weighed and suspended in each surfactant to make a stock suspension of 1 × 10 9 conidia/ml, then diluted to 1 × 10 4 , 1 × 10 3 , and 1 × 10 2 conidia/ml. Initial assays with B. bassiana using 1× PBS as controls were problematic because conidia could not be kept in suspension long enough to pipette 10 µl aliquots reliably for spot plating. Therefore, for this species, 0.1% Tween 80 was used as a control to compare with the other surfactants. An aliquot of 10 µl of each suspension was plated onto SDY agar (time point 0 equals 1 h), and then plated again at 24 h (time point 1) post-suspension. Colony forming units were counted as with the three bacteria species.
Dose-Response Topical Applications With Individual Pathogens
Bacteria and fungi were tested by topical application on the thorax of individual flies. Each bacterial pathogen pellet was rinsed 2 times with 1× PBS to remove any possible toxins in the supernatant. Serial dilutions were made of each pathogen in 0.5% CapSil (Aquatrols, Paulsboro, NJ) mixed with 1× PBS, to prepare suspensions containing 1 × 10 3 to 1 × 10 6 cfu/µl. One microliter of each suspension was pipetted onto the anterior thorax of 20 female house flies, The experiment was repeated on three separate occasions with different batches of pathogens and flies for a total of 60 flies per pathogen and concentration. CapSil 0.5% with no entomopathogen was applied to an equal number of flies as a control.
Statistical Analysis
Application of Surfactants to House Flies
For the comparison of surfactant spreadability scores, a Wilcoxon Mann Whitney test was done using the NPARONEWAY procedure of the Statistical Analysis System (SAS), version 9.4 (SAS Institute, Cary, NC). Fly mortality at time point 0 (1 h) and 1 (24 h) was assessed using the general linear models procedure (Proc GLM) of SAS, and means were separated using the Means/Tukey statement of Proc GLM.
Injections and Application of Individual Pathogens to House Flies
For all topical application bioassays, comparisons of fly mortality between time points were analyzed using a linear mixed model fitted with the effects of treatment, time and the interaction using repeated measures analysis of variance (ANOVA) through the Mixed Procedure as implemented in SAS (Proc Mixed), version 9.4 (SAS Institute). Residual terms were modeled by considering an autoregressive order one error structure and the degrees of freedom were adjusted using the Kenward-Roger method. Adjusted treatment means were compared using Tukey's honest significant difference tests at α = 0.05. For topical applications of pathogens, Tukey's tests were done at time points 3, 5, and 7 d after treatment.
Viability Bioassay for Pathogens
The number of cfu's for each pathogen and surfactant combination was tested for normality. A linear mixed model was fitted with the effects of treatment, time, and the interaction and analyzed using repeated measures ANOVA using the Mixed Procedure as implemented in SAS (Proc Mixed), version 9.4 (SAS Institute). Residual terms were modeled by considering an autoregressive order one error structure and the degrees of freedom were adjusted using the Kenward-Roger method. LSMEANS statements were used to obtain the adjusted means for the effects of treatment, time and the interaction, which were compared using Tukey's honest significant difference separation test method at P < 0.05.
Results
Accumulative Fly Mortality From Injections
All bacterial pathogens at the highest doses caused significantly greater mortality than the controls, but at different time points. Photorhabdus temperata NC19 caused 38.3% mortality at the lowest dose (1 × 10 1 cfu) 48 h postinjection, whereas the highest dose (1 × 10 4 cfu) caused approximately 98% mortality after only 24 h (Table 1) . Serratia marcescens DB11 caused half (13.9%) the mortality at the lowest dose compared to P. temperata, and 90% mortality at the highest dose at 24 h. Pseudomonas protegens pf-5 at the 1 × 10 4 3.0 (2.3)a 5.0 (3.5)a 5.0 (3.5)a NA Beauveria bassiana 1 × 10 1 2.5 (1.5)a 10.0 (3.1)a 10.0 (3.1)a 15.0 (3.1)a 1 × 10 2 2.5 (1.5)a 2.5 (1.5)a 2.5 (1.5)a 17.5 (7.9)a 1 × 10 3 0.0 (0.0)a 10.0 (0.0)a 22.5 (1.5)a 45 (7.9)ab 1 × 10 4 5.0 (0.0)a 12.5 (1.5)a 82.5 (7.9)b 90.0 (3.1)b B. bassiana control (Tween 80, 0.1%) NA 2.5 (1.5)a 5.0 (1.5)a 5.0 (1.5)a 5.0 (1.5)a
Pathogens, Beauveria bassiana and three species of bacteria, were administered at four doses from 1 × 10 1 to 1 × 10 4 cfu. Controls were either 1 µl injections of 1× PBS alone, or 1 × 10 4 cfu of an avirulent strain of Escherichia coli. NA = not applicable; only B. bassiana was monitored on the fourth day, controls without pathogens did not have doses.
*Means within columns followed by the same letter are not significantly different (P > 0.05, Tukey's honest significant difference tests). 
Application of Surfactants to Flies
Spreadability scores on fly thoraces varied significantly among the products and concentrations tested (Kruskal-Wallis Chi-Square = 45.9; df = 14; P < 0.01). The highest scores (all flies scoring 3 out of 3 on the scale) were observed for Kinetic at 1.0% and CapSil at 0.1 and 1.0%, although these did not differ significantly from DyneAmic at 4.0% (mean score 2.50), Induce at 3.0% (2.50), or Kinetic at 0.01 or 0.10% (2.25 and 2.00, respectively) ( Fig. 1) . Tween 80 had the lowest score (1.75) of the five products tested at their highest application concentrations, and did not differ significantly in spreadability over the range of concentrations examined (0.01-1.00%). A concentration response was seen with the other four surfactants, with all of them having significantly higher spreadability scores at the highest concentration compared with the lowest. Fly mortality immediately after treatment with surfactants was significantly higher for CapSil at 1.0% (45%) than any other surfactant except Kinetic at 1.0% (35%) and DyneAmic at 4.0% (15%) (Overall ANOVA F = 3.60, df = 14, 45, P < 0.01) ( Table 2) . Initial mortality was ≤5% for all of the other surfactants and was zero for many of the lower concentrations of each surfactant. There was slight mortality 24 h after treatment (Table 2) . No additional mortality was observed 48-72 h after treatment. Spreadability scores for Capsil and Kinetic at 0.5% were 3.0 (a score of 3 for every fly tested), which was equal to the scores of the same surfactants at 1.0%.
Viability Bioassay for Pathogens.
Viability for all four pathogens was high in all solutions, and there was no significant difference between the initial time point and 24 h later (Table 3) . Colony forming units of P. temperata NC19 increased marginally during the 24-h holding period, and growth was significantly higher in Capsil 0.5% than in Kinetic 0.5%. Colony forming unit counts of S. marcescens DB11 and P. protegens pf-5 generally increased two-to fourfold after being held for 24 h in the suspensions, and there was no significant surfactant effect on viability for either species (Table 3 ). The only instance where significant growth was not observed was S. marcescens held in Kinetic 0.5%. In contrast, there were no significant time or surfactant effects for B. bassiana, with similar conidia counts at 1 h and at 24 h post-suspension for all of the surfactants tested (Table 3 ).
Topical Applications of Individual Pathogens
A dose-response relationship for mortality was observed for all four pathogens when applied topically, although the relationship was stronger with some pathogens than with others . Mortality due to P. temperata NC19 and S. marcescens DB11 were low at all doses assessed and reached 22% mortality on day 7 at the highest dose of 1 × 10 6 cfu (Figs. 2 and 3) . Pseudomonas protegens pf-5 had the highest topical virulence of the three bacterial pathogens (Fig. 4) . Mortality at 1 × 10 6 cfu was 49% 2 d after application and reached 60% by day 4. Mortality at the two lower doses (1 × 10 3 and 1 × 10 4 cfu) did not reach 35% through the duration of the test. All doses of B. bassiana killed <20% of the flies until day 5, when mortality at 1 × 10 5 and 1 × 10 6 conidia increased to 40 and 68%, respectively 0.01% 0.0 (0.00)a 0.0 (0.00)a 0.0 (0.00)a 0.0 (0.00)a *Means within columns followed by the same letter are not significantly different (P > 0.05, two-way ANOVA with repeated measures). CapSil 0.01% 0 (0.0)b 0 (0.0)b 0 (0.0)b 0 (0.0)b 0.10% 5 (2.5)b 5 (2.5)b 5 (2.5)b 5 (2.5)b 1.00% 45 (9.7)a 50 (9.7)a 50 (9.7)a 50 (9.7)a DyneAmic 0.04%
15 (4.9)ab 25 (4.9)ab 25 (4.9)ab 25 (4.9)ab Induce 0.03% 
*Means within columns followed by the same letter are not significantly different (P > 0.05, two-way ANOVA with repeated measures).
( Fig. 5 ). Mortality increased until day 7, reaching 70 and 90% at 1 × 10 5 and 1 × 10 6 conidia, respectively.
Discussion
Entomopathogenic fungi long have been studied for their potential as biological control agents for arthropod pests (Butt et al. 2001 , Shah and Pell 2003 , Lacey et al. 2015 . Although at least 700 entomopathogenic species have been identified (Sandhu et al. 2012 ) and they are present in almost all insect ecosystems (Lacey et al. 2015) , only a select few have been developed as microbial insecticides. Beauveria bassiana is one of the most widely studied species and accounts for over one-third of the 171 commercial myco-biocontrol products available globally (Sandhu et al. 2012 ). However, B. bassiana is slow acting, potentially allowing flies to reproduce before they are killed by the fungus. Typically, bacteria are faster acting than fungi once they gain entry to the host. Therefore, the goal of our study was to examine whether bacterial pathogens would demonstrate accelerated pathogen-induced mortality, hypothesizing that if the bacteria could gain access through the cuticle to the hemocoel they would cause rapid death from sepsis. Testing this hypothesis first requires identifying suitable bacteria and a surfactant that would not be inimical to either fungi or bacteria.
The three gram-negative bacterial strains evaluated are known to be pathogenic for insects but the effect they would have on house flies when applied topically, because of the complexities of penetrating through the exoskeleton, was not known. Serratia marcescens is a common laboratory contaminant and natural bioinsecticide (Grimont et al. 1979 , Flyg et al. 1980 , Pineda-Castellanos et al. 2015 . It inhabits soil and water and some strains are pathogenic to insects, whereas others are pathogenic to humans and other mammals. It displays virulence in approximately 70 species of insects including wasps, termites, grasshoppers, and flies (Grimont et al. 1979) . Photorhabdus temperata is a bioluminescent, motile, entomopathogenic bacterium that has a symbiotic relationship with entomopathogenic heterorhabditid nematodes. Pseudomonas protegens is known as a plant-protecting species because it excretes toxic metabolites that deter pathogenic plant invaders (Cronin et al. 1997 , Ellis et al. 2000 . In our study, all three bacterial species were highly virulent for adult house flies when injected into the hemocoel, suggesting that all were acceptable candidates for evaluation as pathogenic synergists with B. bassiana. At high doses of P. protegens, flies appeared lethargic and hyperphagic within several hours postinjection. Aside from this, flies injected with bacteria showed no visible symptoms of infection.
The next step was to find a surfactant that could be used to apply these house fly pathogens to the cuticle for topical application. When treating flies with bacterial pathogens for contact or premise treatments, the minimum requirement was determining a surfactant that would ensure viability of the organisms. It also was important for testing and evaluation purposes that the surfactant itself has low toxicity for the house fly. We chose to evaluate nonionic surfactants, a group that includes spreader stickers, wetting agents, and detergents. They are composed of hydrophobic and hydrophilic components that aid in breaking the surface tension of water (van Os et al. 1993 ). Because of these properties, they have a variety of uses and are currently in many industrial products. However, their chemical nature varies depending on the intended use of the products (van Os et al. 1993) . For this study, our primary focus was on horticultural wetting agents and spreader stickers because of their known safety profiles and availability (reviewed in Krogh et al. 2003) . These products allow the preparation of aqueous solutions of otherwiseinsoluble active ingredients and aid in adherence to the hydrophobic surfaces of plant foliage. The latter was an attractive trait for the application on the house fly thorax, which also is highly hydrophobic. Moreover, some nonionic surfactants already are known to be compatible with B. bassiana conidia (Prasad 1993 , Polar et al. 2005 , Mishra et al. 2013 .
In the spreadability bioassay, there were numerous promising candidate surfactants, with all five products scoring well at higher concentrations for their ability to provide even dispersion over the dorsal thoracic cuticle of the house fly (Fig. 1) . Several of these, however, resulted in >10% mortality immediately after treatment (Table 2) . It is uncertain whether this mortality was due to toxicity of the solutions or whether the surfactants interfered with gas exchange through the thoracic spiracles. Spiracle coverage was difficult to observe with these materials because they do not leave a visible residue on the fly after drying. The spreadability scores for Tween 80 were surprisingly low, considering that this surfactant is commonly used in laboratory bioassays with B. bassiana (Mishra et al. 2013 , Immediato et al. 2015 , Andreadis et al. 2016 . It is possible that the hydrophobicity of the house fly cuticle did not interact well with the hydrophilic polyoxyethylene groups of Tween 80. CapSil and Kinetic were chosen for use in subsequent experiments because of their high spreadability scores, after adjusting the concentrations to prevent unacceptable fly mortality without compromising high spreadability.
Beauveria bassiana conidia can tolerate a wide range of environments, and there is a great deal of information available on methods to formulate them for insecticidal application (Wraight et al. 2001) . In contrast, less work has been done in formulating gram-negative bacterial strains for field use. The only current gram-negative pathogen developed as a live microbial insecticide is Serratia entomophila, which is produced commercially for control of grass-feeding larvae (Jackson 2007) . Gram-negative bacteria generally have a narrower range of tolerance for their environment than B. bassiana conidia, and it was unknown whether the bacterial species chosen for study in this project would survive in any surfactant.
All of the surfactants tested supported viability of all four pathogens (Tables 3 and 4 ). No reduction in cfu counts were observed after 24 h suspension in all surfactants. Indeed, there was an increase in bacterial (but not B. bassiana) cfu after 24 h. This was most likely due to cell division occurring during the incubation period. The surfactants differed little in their effects on viability, except for P. protegens in CapSil where significantly higher bacterial growth was observed after 24 h post-suspension than in at least one other surfactant, e.g., Kinetic.
Fly mortality after topical applications of the bacteria was greatly reduced when compared with injections. For example, mortality was <26% when P. temperata and S. marcescens were applied topically, even after treatment with 1 × 10 6 cfu. In contrast, topical application of P. protegens resulted in surprisingly high (ca. 50%) house fly mortality after only 48 h (Fig. 4 ). Because P. protegens is motile (Song et al. 2016) , topical mortality may have been partially due to bacteria entering the fly through natural openings such as the spiracles, anus, or mouth. Another factor could be the toxins associated with this species, especially FitD (for P. fluorescens insecticidal toxin) (Péchy-Tarr et al. 2008 ), which might have been responsible for high fly mortality. Rangel et al. (2016) observed that P. protegens strain pf-5 exhibited significant oral toxicity against D. melanogaster and attributed the mortality to FitD. During the initial topical bioassays with the species we observed unacceptably high mortality as soon as 1 h after treatment (results not presented), and found that a second rinse and suspension in PBS was needed to remove extracellular materials that presumably included the toxin. To our knowledge, this is the first report of P. protegens causing lethal infections in house flies. Further research with this species and associated toxins could lead to its development as a biological control agent for the house fly.
In summary, P. temperata, S. marcescens, and P. protegens were all highly virulent when injected into the fly, could be formulated with nonionic surfactants, and caused low to moderate mortality when applied topically. The results with P. protegens suggest that this species warrants further evaluation as a potential microbial insecticide for house flies. Future work with this species should include assays for oral toxicity in adult flies, potential use as a larvicide, and impacts on beneficial arthropods in livestock and poultry systems. In addition, our results will facilitate combining these bacterial pathogens with B. bassiana to assess the efficacy of pathogen combinations. 3.6 (1.2)a 3.6 (0.9)a Kinetic 0.5% 3.4 (1.1)a 3.2 (1.1)a Control (0.1% Tween 80) 3.6 (0.6)a 1.6 (0.4)a
Colony forming units of Beauveria bassiana, Photorhabdus temperata, Pseudomonas protegens, and Serratia marcescens 1 and 24 h post-suspension in the surfactants. Controls consisted of 1 × PBS for bacteria and Tween 80 for fungi.
*Means within columns and species followed by the same letter are not significantly different (P > 0.05, two-way ANOVA with repeated measures).
